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Abstract 
Polymeric membranes demonstrate the fastest emerging field in membrane gas separation since it has huge reproducibility for 
large scale production and low cost fabrication. To date, many research works have emerged to propose different polymeric 
materials for membrane synthesis and fabrication in order to enhance gas separation performance. It has been suggested that the 
underlying factor that distinguishes the difference in separation efficiency among varying polymer is the amount of free volume 
formed throughout the polymeric matrix. Therefore, in current work, through adaptation of atomistic models by a combination of 
molecular dynamics and Monte Carlo or commonly known as the Cavity Energetic Sizing Algorithm (CESA), the cavity size 
distributions of several commonly adapted polymeric membranes for gas separation have been determined. The accuracy of the 
simulated molecular structure has been verified by comparing the simulated and measured experimental density. It is found from 
the study that that the CESA algorithm is capable of capturing the free volume distribution within the polymeric matrix, with the 
higher free volume polymeric membrane inheriting higher average cavity size [PTMSP (10.30A) >PPO (4.86A) >Matrimid® 
5218 (4.01A) >PSF (3.25A)]. In addition, the higher free volume polymers, which exhibit shift towards the larger cavity sizes, 
also reveal higher gas permeability for gas molecules. The sieving capability of the polymer is also demonstrated to be correlated 
with the kinetic diameter of the gas penetrants as compared to the cavity size. In future work, the methodology is proposed to be 
employed as a preliminary step to predict polymeric membrane morphology in order to evaluate the feasibility of any polymers 
before being applied in gas separation. 
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1. Introduction 
Polymeric membranes demonstrate the fastest emerging field in membrane and hollow fiber technology for gas 
separation since it inherits advantages of low cost fabrication and ease of reproducibility for large scale production 
in comparison to inorganic membranes [1]. Considering the vast application of polymeric membranes, research 
works devoted to exploring new polymeric materials have risen over recent years in the area of membrane synthesis 
and fabrication in order to enhance gas separation performance. The past decade has been marked by the appearance 
of a number of novel interesting membrane materials that have been proposed to achieve high permeability in gas 
separation [2]. Therefore, it remains an intriguing area of research to discover other potential polymers to be applied 
in membrane gas separation. 
It has been proposed that permeability of membrane substantially depends upon understanding of the 
microstructural aspect and free volume of the material, which is defined as the amount of void space not accounted 
for by the polymeric chain [3]. The formation of free volume is attributed to thermal motions and relaxation of 
polymer chain segments, constituting to generation of transient gaps within the polymeric matrix [4]. Intuitively, 
penetrants potentially execute a diffusive jump when the free volume packet is larger than or minimally equal to the 
critical size of the gas molecules [5]. The free volume of different polymers is dependent upon the spatial orientation 
of the functional groups, cis/ trans configurations, sub-branches and sequence of the chains [6]. Therefore, it is of 
paramount important to elucidate the free volume distribution in amorphous polymers in order to predict their spatial 
arrangement and transport behavior.  
Several research works have been devoted to developing the methodology applied in locating and sizing cavities 
over recent year. Majority of the methodologies have employed geometrical considerations in capturing the cavity 
distribution. Hoffman et al. introduced a random particle insertion procedure to quantify the free volume distribution, 
whereby the free volume is derived by initially superimposing a fine grid over the simulated model prior to 
evaluating whether an overlap occurs between the polymeric chain and penetrating test particle and [6, 7]. 
Nonetheless, the shortcoming in their algorithm is the necessity to search through each grid point to determine the 
largest sphere that overlaps the initial test particle, which is computationally demanding and therefore confines the 
validity in large scale condition. Bhattacharya & Gubbins revised the algorithm and proposed a fast methodology to 
compute the cavity size distribution through adaptation of constrained nonlinear optimization and random sampling 
over recent year [8]. Nonetheless, the performance of the methodology is highly dependent on the grid size, whereby 
several initial guess runs are required to obtain a quick idea about the nature of the distribution curve before fine-
tuning the resolution in small steps increment until satisfactory results are obtained. Another new algorithm has been 
developed by in‘t Veld et al. to determine the cavity size distribution in liquids based on energetic considerations, 
which is known as the Cavity Energetic Sizing Algorithm (CESA). In this approach, the cavity is defined as the 
space with a well defined centre, whereby a local minimum in repulsive particle energy field is defined, while 
overlapping cavities form clusters, which are representative of the free volume distribution [9, 10]. Although the 
methodology is not based purely on geometric consideration, which might potentially reduce the captured free 
volume, the energetic constraint provides intuitive explanation regarding the cavity distribution from a 
thermodynamic point of view. In addition, unlike previous methodology evolving geometric consideration, the 
initial test particle does not affect the cavity size distribution, which is other add-on of CESA. 
CESA has been originally developed by in‘t Veld et al. to determine the cavity size distribution in liquid systems, 
including hard sphere (HS) and Lennard-Jones (LJ) fluids, SPC/E water, as well as for two isomeric polyimides [9]. 
Wang et al. employed the CESA algorithm to demonstrate that the free volume distribution is vital in characterizing 
the separation performance of two high free volume polymers, poly [1-(trimethylsilyl)-1-propyne] (PTMSP) and a 
random copolymer of 2,2-bis (trifluoromethyl)-4,5-difluoro-1,3-dioxole (TFE/BDD) with similar total free volume 
but highly distinct permeability performance [11]. In another work, Wang et al. also adopted CESA algorithm to 
study the cavity size distribution and diffusion in para and meta isomers of polymers [12]. Jiang et al. adapted 
CESA algorithm to demonstrate that the newly proposed thermally reduced (TR) polymers have higher cavity size 
distribution as compared to their precursors, which further facilitates research work in this particular material [13]. 
In recent year, Golzar et al. extended the application of CESA to determine the free volume distribution of nano 
sized silica particles filled membranes in order to demonstrate the improvement of gas permeability with existence 
of fillers [14]. 
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Based on review of published literature, to date the validity of CESA is still confined to a limited number of 
polymers, whereby majority of them are high free volume polymers or with existence of fillers and isomeric sub-
branches, which posses a high degree of connectivity of free volume elements. It is highly desired to extend the 
application in a wide range of polymers typically those with lower fractional free volume to demonstrate the 
applicability of the CESA algorithm. The reason is attributed to the fact that polymeric membranes adopted for gas 
separation can be prepared from stiff chain glassy polymers that pack efficiently in the solid state with relatively 
lower fractional free volume values. This is to optimize the selectivity of the membrane dependent upon the critical 
size of the gas penetrants since too high of the free volume actually promotes the permeability of all gas components, 
which contributes to additional product lost [15, 16].  
Therefore, in this work, a generic model for polymeric membranes cavity distribution has been developed based 
on the CESA algorithm. Later, the methodology has been adopted to determine the free volume distribution of 
several commonly adapted polymeric membranes for gas separation, ranging from low to high free volume 
membranes. The simulated and measured free volumes of the membranes are compared to verify the accuracy of the 
algorithm in capturing the free volume. Later the computed free volume is correlated with the gas permeabilities of 
the simulated membranes to explain the disparity among the separation performances qualitatively. 
2. Methodology 
The methodology is subdivided into two subsections, whereby the first is molecular simulation to construct the 
molecular structure of the polymeric membrane of interest, and the second is the development of the Cavity 
Energetic Sizing Algorithm (CESA) to describe the free volume distribution within the polymeric membrane matrix. 
2.1. Molecular simulation methodology 
The molecular structures have been simulated through adaptation of Materials Studio 8.0 developed by Accelrys 
Software Inc [17]. Several commercial membranes commonly adapted for gas separation, including Poly (1-
trimethylsilyl-1-propyne) (PTSMP), Polysulfone (PSF), Matrimid® 5128 (BTDA-DAPI) and poly (2, 6-dimethyl-1, 
4-phenylene oxide) (PPO), have been simulated employing a series of molecular dynamics (MD) procedure in 
Materials Studio 8.0.The repeating unit of the polymeric membranes are provided in Fig. 1. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies (COMPASS) force field 
has been adopted consistently. In addition, the Ewald method with an accuracy of 0.001 kcal/ mol has been adopted 
to describe the electrostatic interactions, while the van der Waals interaction has been characterized via the Lennard-
Jones-6-12 function with a cut-off-distance of 12 A (spline width of 1 A and buffer width of 0.5 A). 
The initial polymer chain is constructed with the number of repeat units as summarized in Table 1. For the 
PTMSP polymer with the occurrence of cis and trans monomers, a 50: 50 possibility of random arrangement has 
(a) (b) 
(c) (d) 
Fig. 1 Repeat unit of studied polymeric membrane (a) PTMSP (b) PSF (c) Matrimid® 5218 and (d) PPO 
cis trans 
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been employed [11], mimicking the PTMSP material polymerized in the presence of a catalyst TaCl5 [6]. The initial 
polymeric chain has been located in the Forcite module of Materials Studio 8.0 and has been subjected to energy 
minimization and geometry optimization. The COMPASS force field has been adopted alongside the smart 
algorithm, which is a combination of the steepest descent, adjusted basis set Newton-Raphson (ABNR) and quasi-
Newton algorithms in a cascading manner, in order to refine the geometry of the initial polymeric chain. 
Later, the polymeric membrane chains have been folded into Amorphous Cell module adopting Construction task 
with the number of polymeric chains as summarized in Table 1. The polymer chains have been embedded in the 
hypothetical cell under the periodic condition at initial density corresponding to 70% of the targeted experimental 
density. Similarly, the COMPASS force field has been adopted to pack the polymeric chains. Then, the initial 
constructed atomistic configuration has been subsequently minimized and optimized adopting a series of protocols.  
Firstly, a 10000 step energy minimization has been conducted in order to remove any undesirable configurations 
including overlapping and close contact. After this stage, an annealing procedure has been performed on the 
polymeric structure by adopting the temperature cycle protocol embedded within the Forcite module. Throughout 
the cycle, the system has been heated and cooled back with an interval of 293.15 K between 353.15 K and 653.15 K, 
which is well above the glass transition temperature of all the simulated polymers, as summarized in Table 1. At 
each temperature, 100 ps isothermal-isobaric ensemble (NPT) has been conducted. At this step, in order to control 
the temperature at the designated heating temperature and pressure of 1 atm, the Nose thermostat with Q ratio of 
0.01 and Berendsen barostat with decay constant of 0.1 ps have been employed continuously. Subsequently, in order 
to achieve the ideal structure, which is the lowest energy configuration with the most realistic geometry, a molecular 
dynamics equilibrium run has been implemented on the amorphous cell structure in the NPT ensemble with a total 
simulation time of 500 ps. Similarly, the pressure of the system has been maintained at 1 atm while the temperature 
is fixed at a constant value of 298.15 K with Nose thermostat and Berendsen barostat. Throughout this step, the 
equation of motions has been integrated by the velocity Verlet algorithm with a time step of 1 fs for all simulation 
conditions. When approaching the endpoint of the NPT run, an additional 500 ps of Canonical (NVT) ensemble at 
temperature of 298.15 K has been conducted on the equilibrated polymeric structure. 
Table 1 Molecular simulation data for construction of membranes at 298.15 K and 1atm 
Polymeric membrane PTMSP PSF Matrimid® 5218 PPO 
Number of repeat unit in one 
polymeric chain 
20 20 10 20 
Number of polymeric chains in 
simulated membrane 
1 1 2 1 
Experimental density (g/ cm3) 0.75 [11] 1.24 [18] 1.20 [18] 1.07 [18] 
Experimental glass transition 
temperature (°C) 
>280 [11] 186 [18] 310 [18] 210 [18] 
Cell length (A) 17.2 22.91 19.71 15.61 
Simulated density (g/ cm3) 0.73 1.22 1.19 1.05 
Percentage error of density (%) -2.6667 -1.6129 -0.8333 -1.8692 
 
The relaxed molecular structures of all the simulated polymeric membranes at the end of the minimization and 
optimization procedure are depicted in Fig. 2. In order to demonstrate the accuracy of the simulated structure, the 
equilibrium density is compared to that of the experimental density value, whereby a small deviation is observed 
between the two, such as that summarized in Table 1.. . 
 
 
 
 
 
 
 
 
 
(a) (b) (c) (d) 
Fig. 2 The optimum amorphous cell of (a) PTMSP (b) PSF (c) Matrimid® 5218 and (d) PPO 
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2.2. Cavity Energetic Sizing Algorithm (CESA) 
CESA, which is a Monte Carlo sampling methodology initially proposed by int’ Veld [9], has been employed in 
this work. The algorithm has been implemented adopting C programming within Linux environment, which has 
been accessed employing Cygwin64 Terminal. A review of the phenomenological theory that has been adapted to 
capture the cavity size and distribution throughout the polymeric matrix is as the following: 
(i.) Polymeric membrane structures have been constructed by molecular simulation, as described in section 2.1. 
(ii.) The simulated molecular structures have been exported in SHELX files format in order to obtain the 
coordinates of all the atoms contained within the polymeric membrane. 
(iii.) A pure repulsive force field has been adopted to replace the force field utilized to construct the above 
mentioned molecular structure while remaining the atoms at fixed position. 
(iv.) Later, a trial repulsive particle has been inserted in a random manner into the simulated molecular structure 
in order to determine the local energy minimum within the pure repulsive force field. 
(v.)  Subsequently, the attractive interaction force field has been incorporated and the size of the trial particle has 
been adjusted. The fine tuning has been conducted until the potential interaction with all neighboring atoms 
approaches zero. The final size of the test particle has been taken as the spherical cavity. 
(vi.)The spherical cavity has been assessed to evaluate whether the initial random inserting point is located within 
it. The cavity is accepted only if the initial point satisfies the criteria of being situated within the cavity. 
(vii.) Steps (iii) to (vi) are iterated to obtain a cavity distribution for a given molecular structure. 
(viii.) The cavities are evaluated to determine any overlaps and interferences, whereby overlapping cavities are 
merged to form clusters. 
3. Results and Discussion 
This section provides the discussion of the cavity size distribution of the simulated polymeric membranes, as 
depicted in Fig. 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 3 Cavity size distribution in (a) PTMSP (b) PSF (c) Matrimid® 5218 and (d) PPO 
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It is found that the cavity size distribution of the high free volume PTMSP, as demonstrated in Fig. 3 (a), is 
inclined towards higher cavity sizes as compared to the conventional polymeric membrane for gas separation with 
lower free volumes, which is shown in Fig. 3 (b), (c) and (d) for PSF, Matrimid® 5218 and PPO respectively. The 
maximum cavity diameter identified in PTMSP is the largest with the value of approximately 16 A, followed by 
PPO with a cavity size of 9 A, and PSF as well as Matrimid® 5218 with diameter of 7 A. In addition, it is also 
depicted that the higher free volume PTMSP exhibits a broader cavity distribution as compared to its counterpart.   
The average cavity sizes of the simulated polymeric membranes are summarized in Table 2. Moreover, the free 
volume and gas permeability of the polymeric structure are also included to correlate the cavity sizes with the 
morphology and separation performance of membranes. 
Table 2 Comparison of average cavity size, fractional free volume and gas transport properties of simulated polymeric membranes 
Polymeric membrane PTMSP PSF Matrimid® 5218 PPO 
Average Cavity Size (A) 10.30 3.25 4.01 4.86 
Fractional free Volume  0.34 [11] 0.144 [18] 0.170 [18] 0.183 [18] 
O2 Gas Permeability (Barrer) 9000 [11] 1.4 [18] 2.12 [18] 14.6 [18] 
 
It is depicted that CESA algorithm is capable of capturing the free volume distribution within the polymeric matrix, 
with the higher free volume polymeric membrane inheriting higher average cavity size (PTMSP >PPO>Matrimid® 
5218>PSF). It is also evident that the higher free volume polymers, which exhibit shift towards the larger cavity 
sizes, also reveal higher gas permeability for gas molecules. This is because the free volume serves as the passage 
for diffusivity and solubility of gas penetrants, whereby the increment generally promotes gas permeation. 
It is also found that the cavity size is vital to control the separation properties of polymeric membrane that acts as 
a barrier to permit the relative transport of gas penetrants. It is apparent that the PTMSP with largest cavity size 
distribution exhibits superior gas permeability for oxygen. Nonetheless, although the PPO membrane exhibits a 
slightly improved free volume as compared to Matrimid® 5218 and PSF, the enhancement in oxygen permeability 
is far more pronounced. The observation is attributed to the fact that majority of the cavity size distribution in PPO 
surpasses that of 4 A, such as that depicted in Fig. 3 (d), which exceeds the kinetic diameter of oxygen molecule 
(3.46 A) [19]. On the other hand, the cavity sizes of Matrimid® 5218 and PSF are shifted to lower diameter ranges, 
which are majority within the 3 A and 2 A ranges respectively. The smaller gap constraints the movement of gas 
oxygen through the polymeric matrix, which largely reduces the value of the gas permeability. Therefore, this study 
demonstrates the necessity to study the cavity distribution in polymeric membranes because rather than adopting a 
single free volume value that merely describes the amount of free spaces contained within the polymer structure, it 
provides additional intuitive information regarding the allocated cavity sizes as a route for channeling of a certain 
gas molecule. 
 
4. Conclusion 
In current work, by combining the molecular dynamics simulation in Materials Studio 8.0 and Cavity Energetic 
Sizing Algorithm (CESA) based on a Monte Carlo sampling methodology, the cavity size distributions of several 
polymeric membranes commonly adapted for gas separation have been determined. The validity of the methodology 
has been verified by comparing the simulated and measured density of the molecular structure as well as associating 
the simulated average cavity size with the free volume within the polymeric matrix. Moreover, the cavity size 
distribution has also been correlated with the gas permeability data to provide intuitive explanation related to the 
disparity observed among the transport properties of the polymeric membranes. The study plays an important role to 
support the general contention of current research work to optimize the free volume and cavity size distribution by 
determining a tradeoff between the permeability and selectivity for membrane gas separation applied in specific 
application. In future work, the methodology is proposed to be employed as a preliminary step for molecular 
screening to determine the applicability and suitability of any polymers before being applied in actual membrane gas 
separation. In addition, molecular simulation of polymeric membranes at different operating parameters is of 
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particular importance since these variables play an important role in industrial membrane separation to affect the 
morphology and subsequently the separative performance.   
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